The coastal Runnelstone Reef, off southwest Cornwall (UK), is characterised by complex topography and strong tidal flows and is a known high-density site for harbour porpoise (Phocoena phocoena); a European protected species. Using a multidisciplinary dataset including: porpoise sightings from a multi-year landbased survey, Acoustic Doppler Current Profiling (ADCP), vertical profiling of water properties and highresolution bathymetry; we investigate how interactions between tidal flow and topography drive the fine-scale porpoise spatio-temporal distribution at the site. Porpoise sightings were distributed non-uniformly within the survey area with highest sighting density recorded in areas with steep slopes and moderate depths. Greater numbers of sightings were recorded during strong westward (ebbing) tidal flows compared to strong eastward (flooding) flows and slack water periods. ADCP and Conductivity Temperature Depth (CTD) data identified fine-scale hydrodynamic features, associated with cross-reef tidal flows in the sections of the survey area with the highest recorded densities of porpoises. We observed layered, vertically sheared flows that were susceptible to the generation of turbulence by shear instability. Additionally, the intense, oscillatory near surface currents led to hydraulically controlled flow that transitioned from subcritical to supercritical conditions; indicating that highly turbulent and energetic hydraulic jumps were generated along the eastern and western slopes of the reef. The depression and release of isopycnals in the lee of the reef during cross-reef flows revealed that the flow released lee waves during upslope currents at specific phases of the tidal cycle when the highest sighting rates were recorded. The results of this unique, fine-scale field study provide new insights into specific hydrodynamic features, produced through tidal forcing, that may be important for creating predictable foraging opportunities for porpoises at a local scale. Information on the functional mechanisms linking porpoise distribution to static and dynamic physical habitat variables is extremely valuable to the monitoring and management of the species within the context of European conservation policies and marine renewable energy infrastructure development.
Introduction
Marine megavertebrates are noted for their wide-ranging behaviour, but often concentrate within spatially constrained areas (e.g. Sims, 2003; Kai et al., 2009) , referred to as 'hotspots' (Myers, 1990) . The mechanism driving animal aggregations at hotspots is likely to be based on foraging decisions made in response to meso-and fine-scale environmental cues (Stephens and Krebs, 1986; Russell et al., 1992; Sims et al., 2008) . By examining the distribution of a species in time and space, at a range of scales, we can improve our understanding of the species' interaction with its environment (Fauchald and Erikstad, 2002; Bertrand et al., 2008; Embling et al., 2012) . This is particularly important for spatial management and conservation of threatened marine megavertebrates, such as the harbour porpoise Phocoena phocoena. A better understanding of the mechanisms underlying the links between porpoise distribution and physical habitat will aid in protected area site selection, as well as improving our understanding of potential anthropogenic impacts, e.g. proposed marine renewable energy infrastructure (Dolman and Simmonds, 2010; Witt et al., 2012) . Harbour porpoises are small cetaceans, which must feed regularly in order to fulfil their energetic requirements. As a result they cannot stray far from areas containing reliable prey resources (Brodie, 1995; Koopman, 1998; Santos et al., 2004; Lockyer, 2007) , and the ability to react to predictable oceanographic and hydrodynamic drivers of prey availability will greatly reduce foraging costs. Broad-scale studies show that the distribution of harbour porpoises is directly influenced by the distribution of prey (e.g. Read and Westgate, 1997; Herr et al., 2009; Sveegaard, 2011) and indirectly affected by both static and dynamic environmental variables that are hypothesised to predictably influence prey distribution or foraging efficiency, such as water depth, topography, substrate, tidal flow, fronts, stratification, turbulence, and time of day (e.g. Watts and Gaskin, 1985; Johnston et al., 2005; Embling et al., 2010; Scott et al., 2010; Mikkelsen et al., 2013) . However, there are no known studies investigating the fine-scale bio-physical mechanisms linking physical habitat variables to increased harbour porpoise densities, due to the rarity of the quantitative, finescale physical and biological data required to carry out robust investigations of these links.
Harbour porpoises have a wide coastal distribution around the UK (Reid et al., 2003; Hammond et al., 2013) , making them a suitable focus species for land-based surveys. Sites around the coast of southwest England have previously been identified as hotspots for harbour porpoise (Northridge et al., 1995; Hammond, 2006; Brereton et al., 2007) , with a number of studies specifically highlighting the regional importance of the Runnelstone Reef in southwest Cornwall (Leeney et al., 2008; Pikesley et al., 2012) ; not only in the summer months, but also throughout the winter De Boer and Saulino, 2008) . Using new high-resolution bathymetric data, we have been able to identify that the Runnelstone Reef site is a regionally unique bathymetric feature.
In light of the potential bio-physical links suggested by previous research, and the conservation and management policies pertaining to the species in the UK; this multidisciplinary study examines the effect of fine-scale physical habitat on harbour porpoise distribution. We investigate the drivers of porpoise distribution patterns using sightings recorded in an effort-based visual survey from a land-based watchpoint overlooking the Runnelstone Reef. The collection of co-located, high-resolution data on static and dynamic physical habitat variables, such as Acoustic Doppler Current Profiling (ADCP), water property profiles, and 1-m resolution bathymetry data, has provided a unique and timely opportunity to investigate the fine-scale spatial ($600 m resolution) and temporal (hourly resolution) distribution of harbour porpoises at a known hotspot in relation to hydrodynamics and interactions between tide and topography at the site. The main aims of the study were threefold: (1) to examine whether the spatial distribution of harbour porpoise sightings was linked to topographic features within the study area, (2) to collect high-resolution data on the physical marine environment at the study site, and (3) to investigate the spatio-temporal distribution of porpoise sightings in relation to tidal flow regime and fine-scale hydrodynamics.
Materials and methods

Study area
Survey data were collected from a land-based watchpoint on a south-facing headland (Gwennap Head) at $30 m above mean sea level, at the southwest tip of the UK mainland (50°02 0 06.29 00 N 005°40 0 45.66 00 W). The watchpoint has an almost 180°field of view from east to west, directly overlooking the tidally dominated Runnelstone Reef (Fig. 1) . The characteristics of the Runnelstone Reef create a challenging environment for data collection. Commercial fishing activities in the area restrict the strategic mooring of large arrays of acoustic monitoring equipment, and the site is wind exposed and tidally dominated, which precludes regular boatbased transect surveys at an appropriately fine scale. This results in land-based observation surveys being the most effective, and practical, method for intensive fine-scale monitoring of the distribution of porpoises at this regionally important site.
The Runnelstone Reef is a roughly horseshoe-shaped bedrock platform with an average depth of approximately 15 m out to 1.6 km, where it shallows at its southern edge, forming several upstanding pinnacles that come to within a few metres of the surface. Beyond the pinnacles, water depth drops sharply to >60 m (Fig. 1) . To the east and west sides of the reef the seafloor slopes away gently and depth increases gradually. Two high-resolution multi-beam bathymetry datasets were combined to create a full bathymetric map of the survey area (Fig. 1) . Inshore data (up to $2 km offshore), at a resolution of 1 m, were collected by the Plymouth Coastal Observatory as part of the Southwest Regional Coastal Monitoring Programme (Ó Teignbridge District Council), and provided by the Channel Coastal Observatory. Data from further offshore (12 m resolution) were collected as part of the Maritime and Coastguard Agency (MCA) Civil Hydrography Programme (CHP) (Ó Crown Copyright) and are released under the Open Government Licence.
Broad-scale tidal data from Admiralty Charts show that water is driven around the headland reef by the tidal current as it enters and exits the western English Channel during the semi-diurnal tidal regime. The tidal flow through the survey area is westward (i.e. flowing out of the Channel) for the majority of the semi-diurnal cycle. Eastwards flow (i.e. into the Channel) occurs for only $3 h per tidal cycle, between approximately 1 h before, to 2 h after high water (HW). Tidal range varies from $1.5 m during neap tides to $5.5 m during spring tides.
Visual surveys
Visual monitoring data were collected between 15th July and 15th October 2007-2010. The survey period was defined by the migration season of seabirds and other marine megavertebrates, which were also monitored in the multi-species survey. Observations were carried out through the full daylight period each day; this intensive constant-effort design enabled investigation of fine-scale temporal patterns in the survey data. A 2-h break was taken each day between 1200 and 1400 h, to prevent observer fatigue and avoid the period of highest glare. Observers working in pairs, with one core observer and one supporting observer. The core observers (N = 29 over the 4-year period) were skilled in surveying for seabirds and cetaceans, with prior field experience of identifying the target species. Selection priority was given to supporting observers who had previous marine wildlife survey experience.
Observers applied continuous search effort using 8Â or 10Â magnification binoculars, with naked-eye and telescope (20-30Â magnification) scans of the survey area to ensure even surveillance of the near and far fields. Telescopes were also used to ensure species ID and record group size. There was rotation of survey effort between observers and regular breaks were encouraged, whilst always maintaining at least two observers 'on watch'.
Harbour porpoise sighting records always included date, time, number of animals, movement direction and an estimate of distance and direction from the watchpoint to the point of first sighting (with subsequent sighting positions also recorded where possible). Best practice was to record direction using a compass, but on occasion a cardinal direction was used. The Runnelstone buoy was an obvious reference point, at approximately 1.6 km from the observation watchpoint, on a bearing of 170° (Fig. 1) . Data on survey conditions were recorded hourly, these included Beaufort sea state, visibility, cloud cover and glare.
Estimating error in sighting position estimates
Distance estimation was tested for two of the primary observers (jointly responsible for $40% of total survey effort), in an attempt to constrain potential location errors associated with visually estimating positions of porpoises. Error tests were undertaken on two occasions, in October 2010 and January 2011. In the first test, observer-estimated positions of a boat were compared to the true position collected with an onboard GPS (2 observers, N = 60). During the second test (one observer, N = 22), visual estimates of the position of porpoises were compared to positions recorded using a surveyor's theodolite (Leica FlexLine TS02 Total Station). In both cases, observer estimates and 'true' positions were plotted in a GIS and the distance between them was calculated. The mean error across all tests (N = 82 position estimates by 2 observers) was 281 m (test 1 mean error = 320 m, SD = 141; test 2 mean error = 242 m, SD = 144). The mean error estimate from these tests was used to constrain analyses of the spatial dataset, including the smoothing bandwidth of kernel density estimates (300-m) and grid cell size for spatial modelling (600-m).
Detection of porpoises
It is not possible to use Conventional Distance Sampling (CDS) methods on data collected in single point, land-based observation surveys, because of violation of the assumptions of Distance Sampling theory (Buckland et al., 2001) . As a result, there is no way to estimate the effect of distance on the ability of observers to detect animals recorded in this survey using CDS methods. Instead, a series of independent double-observer trials were carried out at the same site using a surveyor's theodolite, and the results were modelled in a logistic regression in order to estimate a detection function (Nichols et al., 2000; Buckland et al., 2008 ). The detection function was then used to systematically correct for the proportion of missed animals with increasing distance (Buckland et al., 2004) .
The double-observer trials were undertaken retrospectively, during 2012 and 2013, in an attempt to better constrain the impact of detection bias on the results of the monitoring survey carried out in previous years (2007) (2008) (2009) (2010) . Although the trials were collected at a different time to the original survey data, the overall survey conditions and observer experience were comparable; therefore it is deemed valid to use the resulting detection function to correct the dataset that was previously collected at the site (personal communication: Dr. Len Thomas, Centre for Research into Ecological and Environmental Modelling). If both of the observers independently detected the same animal(s), the trial was recorded as successful; if only one observer detected the animal(s), the trial was a failure (detailed methods are provided in Section S1.1. of the Supplementary Material). 16 double observer trials on porpoise sightings were carried out during the limited data collection period at the survey site in 2012-13. Although the sample size is acknowledged to be small, in the absence of a more powerful dataset, the trials data were modelled using a logistic regression to estimate the probability of detection as a function of distance from the observer. The standard Distance Sampling assumption of g(0) = 1 was used, i.e. the probability of detection at a distance of 0 km from the observer equals 1 (Buckland et al., 2001) , and the model-estimated detection function is presented in Fig. S1 of the Supplementary Material. The detection function was used to predict the probability of detection within each grid cell, based on the distance of the grid cell centre from the observer's position. The sightings within each grid cell were then corrected using the model-predicted detection probabilities. The detection-corrected data were supplied as the response variable in the subsequent model of the spatial distribution of porpoises within the survey area.
Because of the low sample size for the double observer trials, additional measures were also used to ensure the visual survey methods had not been affected by bias related to detectability, and to support the robustness of the dataset and analyses. These included analysis of (1) distance distribution data for other species recorded during visual surveys, and (2) an additional boat-based survey dataset collected within the survey area (details of these analyses are provided in Sections S1.2. and S1.3. of the Supplementary Material). The boat-based data showed a similar spatial pattern in relative density of porpoise sightings as the land-based survey data; therefore we are confident that detection bias did not significantly affect the observed spatial distribution pattern of porpoise sightings (Supplementary Material, Figs. S3 and S4) . On the basis of the outcome of these investigations, the effective survey area was delineated at a distance of 3 km from the survey watchpoint on Gwennap Head (Fig. 1 ).
Data analysis
Harbour porpoise sightings data treatment
Data filters were applied to the 4020 h of total survey effort (containing a total of 736 porpoise sightings) in order to remove effort and sightings recorded during poor survey conditions, defined as visibility <5 km and/or Beaufort sea-state of >3. Sightings recorded outside of the delineated survey area (100-270°a nd out to 3 km) were also removed, as were known or suspected re-sightings of the same individuals or groups. The final filteredsightings dataset contained 2413 h of survey effort, and 418 sightings of harbour porpoise (Table 1 ). All sighting records retained in the dataset had associated distance estimates (in order to ensure they were within the delineated survey area), but only those sightings that also had precise bearings recorded (as opposed to cardinal directions) were used in the spatial analyses. The spatial dataset contained 255 sighting records.
The visually estimated locations of the filtered spatial sightings dataset (N = 255) were transformed from bearing and distance to decimal degree coordinates (Veness, 2012) and imported into a GIS where they were mapped over the high-resolution bathymetry map. Mapping was carried out in ArcGIS v.10 and all statistical analyses were performed using the R software (R Development Core Team, 2011).
Cluster analysis
The spatial distribution of porpoise sightings within the survey area (un-corrected for detection bias) was explored using a Ripley's K analysis in the R package 'spatstat' (function 'kest', Baddeley and Turner, 2005) . The test is a second order analysis of spatial point processes that examines the distribution of distances between points over various scales to look for scale-dependent patterns. The cluster statistic, K (d), represents the intensity of points within specified distances bands (d) from other points, and is compared to an expected K value based on 999 simulations of complete spatial randomness.
Kernel density
Utility distributions (UD) (Powell, 2000) , describing the pattern of porpoise sighting intensity in the raw sightings data (uncorrected for detection bias) within the survey area, were estimated using un-weighted fixed kernel density estimation (KDE) and kernel isopleths, calculated in the Geospatial Modelling Environment software (Beyer, 2012) . The X and Y coordinate data for the porpoise sightings were normally distributed; therefore a quartic approximation of the Gaussian kernel was used, which gives a uni-modal kernel that is symmetrical around the origin (the estimated sighting position).
Bandwidth (h) optimisation was carried out using functions in the R package 'sm' (Bowman and Azzalini, 2010) . Selection of h was based on visual comparison of performance and minimisation of the mean square error. A value of h = 300 m (estimated using an un-weighted normal smoothing method) was used in the kernel density estimate calculations. Powell (2000) recommends using a smoothing bandwidth that is at least equal to the uncertainty in the location estimates, therefore the selected value of 300 m is appropriate considering the error on the sighting position estimates. The 50% KDE isopleth was selected to define a core-use area within the survey area; on the basis that this will delineate the area of 50% probability of sightings, which contains approximately 50% of the observations (Börger et al., 2006) .
Generalised Additive Modelling (GAM) methods
Generalised additive models (GAMs), with Poisson or negative binomial error structure (dependent on presence of overdispersion), were used to model spatial and temporal patterns in the porpoise sighting data. The GAMs take the general structure specified by Hastie and Tibshirani (1990) and were carried out in the R package 'mgcv' (function 'gam', Wood, 2006) , which contains integrated smoothness estimation. Smooth functions for model covariates were specified using thin plate regression splines with shrinkage (Wood, 2006) . For most model covariates, the dimension, k, representing maximum degrees of freedom of each smooth, was manually limited by k = 4 to avoid excessive flexibility and model overfitting. The smoother of time to high water (TtHW) in the temporal model was given maximum k = 6, to allow for the expected sinusoidal patterns in sightings with respect to tide. The penalty (gamma), given to each degree of freedom in the automatic smoothing parameter selection process, was increased from the default of 1 to 1.4, as recommended by Wood (2006) to reduce the potential for model over-fitting. Interactions between covariates were modelled using tensor product (te) smooths. Aspect and TtHW were modelled with cyclic smoothers to account for the circular nature of the degree unit of aspect (where 0 and 359 (40) 45 (38) 33 (16) are adjacent values) and the cyclic nature of the tidal cycle (+6.3 to À6.3 h relative to HW time).
Retention of collinear variables in a model can lead to poor estimation of standard errors and p-values. To avoid the problems introduced by correlation between covariates, pairwise Spearman's rank correlation tests and Variance Inflation Factors (VIF) (R 'AED' package, function 'corvif', Zuur et al., 2009) were calculated for all of the candidate model covariates. Pairs of variables with high levels of correlation (Rho = P0.6) or VIF values exceeding the conservative threshold of 3 (Zuur et al., 2009) were identified. For collinear pairs, the covariate that was selected first during the stepwise selection process was retained, while the other was discarded.
Predictor variables were selected through manual stepwise forwards selection, using the model fit score (AIC) to select the best model at each step. At each step, the significant (p < 0.05) covariate that added most explanatory power (P1% increase on previous model iterations) and resulted in the lowest AIC was selected. The AIC score must have been reduced by a value of 2 or more for a covariate to be considered for addition to the model (Burnham and Andersen, 2002 ). The updated model was then taken forward into the next round of selection, where the effect of adding the remaining predictor variables was tested again using the same method; and so on until no more covariates could be added, according to the above criteria.
Gridded relative density analysis
A radial grid was defined by the extent of the survey area (100-270°out to a distance of 3 km from the observer's location on Gwennap Head) and divided into cells along concentric distance bands from the watchpoint location at 600-m intervals, and radial bearing lines at 10°intervals (representing ± the mean error on visual position estimates, see Section 'Estimating error in sighting position estimates'). Number of porpoise sightings and area (km 2 ) were calculated for each grid cell, along with associated values for mean depth, slope and aspect in each cell.
The detection function, created using a logistic regression on binary data from independent double observer trials collected at the survey site in 2012/13, was used to correct the data for missed sightings. For further information on the double observer trials and modelling methods see Sections 'Detection of porpoises' and S1.1. The sightings recorded within each grid cell were then corrected for detection using:
where D sightings(i) is the detection corrected sighting density in the ith grid cell, N sightings(i) is the number of sightings observed within the ith grid cell, and P is the modelled detection probability for the distance from the observer to the centre of the ith grid cell.
The detection-corrected counts of porpoise sightings per grid cell were then modelled as a function of static physical covariates within a Generalised Additive Model (GAM) framework. Models had a negative binomial error distribution (to account for overdispersion) and all candidate covariates are presented in Table 2 . The models included an offset of (logged) grid cell area, to account for differences in the area of the radial grid cells.
Standard model validation was carried out (as outlined by Wood, 2006; and Zuur et al., 2007) , and spatial autocorrelation was checked using the residuals from the final model in a Mantel test (R package 'Vegan', Oksanen et al., 2013) . The test calculates Pearson correlations from dissimilarity matrices of (1) the distance between pairs of points (locations of grid cell centroids) and (2) the differences in model residual values between pairs of points. The calculated correlation of the modelled data is then compared to correlation calculated on 999 random reassignments of residual values to location points (retaining the spatial structure of the data, Legendre and Legendre, 2012) .
Effect of tidal flow on the temporal distribution of porpoise sightings
The number of porpoise sightings per hour was modelled using a GAM with Poisson error distribution and log-link. Candidate model covariates are listed in Table 2 . Standard GAM validation was carried out, and an assessment of dependence structure in the residuals of the final model was undertaken using an autocorrelation function ('acf') in R.
Oceanographic survey
A fine-scale ADCP survey was undertaken within the survey area over a semi-diurnal tidal cycle on 11th July 2011 (2 days after neap tide). The aim of the survey was to identify flow features, driven by the interaction with topography, which may be relevant in the context of fine-scale harbour porpoise distribution. The survey was carried out aboard the University of Southampton inshore vessel, RV Callista, using a hull-mounted RDI Workhorse Mariner in bottom tracking mode. The ADCP frequency was 600 kHz and ping rate was 2 Hz (2 cycles per second). Vertical bin size was 1-m and ensemble interval was set at 2 s (4 pings per ensemble). The ADCP transect route ( Fig. 1 ) was repeated nine times over a 12.6 h tidal cycle. The vessel's average speed of travel throughout the survey (Proctor, Bell et al., 2004) was 5.14 knots, and average sea state was Beaufort 1.5 (SD = 0.5). Vertical shear, S, in the horizontal velocity across 1-m vertical intervals was calculated as:
where @U/@z, @V/@z are the vertical gradients in the east and north velocity components, respectively. Shear was computed over 1-min intervals (average of 30 Â 2-s ensembles). Conductivity Temperature Depth (CTD) and fluorescence data were collected throughout the ADCP survey at waypoints (WP) 1, 2, 5, and 6 (Fig. 1) using an FSI CTD with fluorometer, mounted on a 12-bottle CTD rosette. Data were processed using FSIpost and have been used to investigate patterns in density and fluorescence through the tidal cycle at key sample sites and to calculate a Richardson Number depth profile during tidal periods associated with high and low porpoise sightings. The Richardson number (Ri) indicates the susceptibility of a stratified fluid to the generation of turbulence by shear-instability. Ri, computed over 1-m vertical intervals, was calculated as:
where N = (Àg/q o @q/oz) ½ is the buoyancy frequency and dependent on the vertical density gradient, oq/oz. Ri < 0.25 is indicative of transition from laminar to turbulent flow (Miles, 1961 ). An estimate of Ri was calculated using data from, firstly, WP5 because this was the closest CTD sampling point to the porpoise sightings core density area, as defined by a 50% kernel density isopleth. Secondly, Ri was computed for WP1 and WP2 on either side of the reef to assess the impact of the observed lee wave in promoting critical conditions for shear instability and the generation of turbulence.
Results
Harbour porpoise survey
Harbour porpoises were sighted on 135 of the 372 survey days between 15th July and 15th Oct 2007-2010. The highest rate of sightings was recorded in 2009 and the lowest in 2010 (Table 1) . Group sizes of up to 20 porpoises were recorded, though single animals were most frequently observed (41%). The average pod size per sighting was 2.33 animals (SD = 2.02). The proportion of survey effort during each sea state (0-3) was similar throughout all four years of the survey (Table 1) ; therefore it is unlikely that changes in survey effort with relation to sea state would account for the inter-annual variability in the recorded numbers of sightings.
Sea state conditions had a considerable effect on the number of harbour porpoise sightings recorded per hour. As sea state increased, there was a corresponding decrease in the rate of sightings per hour of effort; therefore sea state was included as a covariate in the model of the temporal distribution of porpoise sightings (see Section 'Fine-scale temporal distribution of porpoise sightings in relation to temporal variables'). The highest sighting rate was 0.48 porpoises per hour in sea state 0, although this sea state was very rarely observed (Table 1) . The sighting rate reduced to 0.38 in sea state 1 and 0.15 in sea state 2. During sea state 3, the sighting rate was only 0.08, which represents a 6-fold decrease compared to the rate in sea state 0.
A two-sample Kolmogorov-Smirnoff test was carried out on pairwise comparisons of the density distribution of porpoise sightings by distance from observer, under each sea state (0-3). Although sea state was shown to clearly affect sighting rate at the study site, the comparison of the spatial distribution of sightings showed no significant difference in the density-by-distance curves in all pairwise tests (p = >0.08, with correction for multiple testing, see Fig. S5 and Table S1 in Supplementary Material Section S2). This suggests no systematic bias caused by sea state on the observed spatial distribution of sightings.
Spatial clustering of porpoise sightings
Porpoise sighting locations (N = 225), uncorrected for detection, are shown in Fig. 2a . Results of Ripley's K analysis showed that porpoise sightings were significantly clustered (p = <0.001, N = 255 sighting locations). The 50% UD kernel isopleth (N = 255 sighting locations) had an area of 1.87 km 2 , representing just 14% of the full survey area of 13.3 km 2 , but containing approximately 50% of porpoise sightings. The position of the 50% UD isopleth indicates that clustering of porpoise sightings occurs around the southern and south-eastern margins of the Runnelstone Reef (Fig. 2a) . There was no notable change in the location of the 50% isopleth when kernels were calculated for subsets of sighting locations collected in different years or under different flow conditions. The survey area was divided into a total of 85 grid cells, 58 of which had at least one porpoise sighting recorded within them Table 3 Summary of negative binomial GAM of detection-corrected porpoise sightings per grid cell (N = 85 cells). See Table 2 for description of variables and full list of candidate covariates that were considered during model selection. Variables are shown in the order of selection, with terms being selected sequentially based on reduction in AIC score compared to the previous model (with the starting AIC score given in bold in top row) and the amount of deviance explained by each term addition. All selected terms were significant to at least p = 0.05. The degrees of freedom of the estimated smooth functions are given as 'edf'. ( Fig. 2b) . Grid cells containing the highest numbers of detectioncorrected porpoise sightings per km 2 were located in a radial band along the reef edge, between 1.2 and 1.8 km from the survey watchpoint location (Fig. 2b) .
Spatial model of porpoise relative density
The best model of the detection-corrected porpoise sightings per grid cell explained 46.5% of the deviance in the fine-scale spatial distribution of harbour porpoise sightings as a function of the covariates slope, depth, and an interaction of depth and aspect (Table 3) . Slope was the most significant predictor variable (p = <0.001), explaining 17.8% of the deviance, with depth and the interaction between depth and aspect explaining another 13.8% (p = 0.01) and 14.9% (p = <0.001) of the deviance respectively (Table 3) . Porpoises were more frequently recorded within areas of high average slope and intermediate to high average depth ( Fig. 3a  and b) . The interaction term indicates a preference for areas where shallow to moderate depth is combined with slopes of southerly and south-westerly aspect (Fig. 3c) . These conditions predominate around the southern Runnelstone Reef margins and the steep pinnacles. There was no spatial autocorrelation in the model residuals (Mantel statistic r = À0.043, significance based on 999 permutations = 0.175), which justifies the use of a GAM model structure that does not include an autocorrelation parameter to account for spatial dependence.
Fine-scale temporal distribution of porpoise sightings in relation to temporal variables GAM analysis found the covariates TtHW, Beaufort sea state, year and month as significant explanatory variables; explaining 19% of the temporal variability in porpoise sightings (Table 4) . Highest numbers of sightings were recorded in 2008 and 2009 (Fig. 4a) . Sighting rates reduced as sea state increased (Fig. 4c ) and there were higher sightings per hour recorded in July and October compared to August and September (Fig. 4b) . Greater numbers of sightings were recorded during hours when the tide was flowing to the west (ebbing), particularly between 2 and 6 h after HW (Fig. 5) , corresponding to the period of strongest west- Table 4 Summary of Poisson GAM of porpoise sightings per hour of survey effort (N = 4019 h). See Table 2 for description of variables and full list of candidate covariates that were considered in model selection. Variables are shown in the order of selection, with terms being selected sequentially based on the reduction in AIC score compared to the previous model (with the starting AIC score in top row in bold) and the amount of deviance explained. All selected terms were significant to at least p = 0.05. Degrees of freedom for estimated smooth functions are given as 'edf'. ward flow. Much lower sighting rates were recorded between À2 and +1 h relative to HW, which are characterised by eastward flow and slack water periods (Fig. 5) . The rug plot along the bottom of ; Fig. S6a ). Tidal asymmetry was apparent in the eastward velocity component, U; currents were directed to the east only during groups 5 and 6 and were otherwise directed to the west ( Fig. 7a and b) . Similarly the weaker northward current component, V, exhibited a brief reversal along leg 3 from northward to southward (Fig. 7a) . A significant difference was apparent in V between legs 3 and 4, both of which were orientated north to south, as shown on the transect route Fig. 7 . Current velocity profiles from transect groups (G) 1-9 of the ADCP survey in the study area, carried out on 11th July 2011 from RV Callista: (a) leg 3 (travelling south to north) and (b) along leg 4 (travelling north to south) Data are from a full tidal cycle. Decimal time relative to HW (0 and 0.5) is given along the x axes and water depth along the y axes. Current velocity is colour scaled with (a) the eastward velocity component, from east in red to west in dark blue and (b) the northward velocity component, from north in red to south in dark blue. The timing of each profile relative to HW and to relative density of porpoise sightings is labelled. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) map in Fig. 1 . Leg 3 was located centrally across the reef where depth contours started to turn northwards with respect to a westward flow. Leg 4 crossed the reef on its eastern edge where depth contours headed south for a current flowing in a westward direction. During leg 3, V was predominantly northward whereas within the same groups flow during leg 4 was predominantly southward (Fig. 7) . Thus, flow followed depth contours around the outer flank of the reef and indicates a pronounced curvature in the velocity field in response to local bathymetry, as depicted by the velocity vectors in Fig. 6 .
The flow is two-layered, manifested by flow reversal over depth in U during leg 3 around HW +3.5 (Fig. 7a) , and exhibits a significant baroclinic component, estimated as the observed current following subtraction of the depth-mean barotropic component (Fig. 8) . At times, these two-layered flows were associated with the formation of a mid-depth layer of elevated shear at a height above bed (HAB) of $25 m, within which S 2 > 10 À4 s À2 . This shear layer can be seen along legs 3 and 4 during the period HW +4 to HW +5 as a mid-depth layer of lighter blue/green in Fig. 6 . Twolayered flows were also observed during the westward ebbing tide in the northward velocity component along leg 4 from HW À4.5 to HW À2 and again at LW (Fig 7b) .
The CTD and fluorescence data collected through the tidal cycle at four of the waypoints indicate that there was also a tidal asymmetry in water properties. The overall pattern is represented in Fig  9 by the data from waypoint 5 on the outer edge of the reef at the end of leg 3 (see location in Fig. 1 ). Fig. 9a shows that a body of warmer (less dense) surface water was advected along the coast through the end of the westwards ebbing tide (HW À3.5 to HW +0.5) and the period of the eastward flooding tide (HW +0.5 to HW +2). Cooler water was then flushed back through the survey site as the tide turned westward again (after HW +2) and through- out the following period of westward dominated current flow during transect groups 7-8 (HW +3 to HW À5.5). A mid-depth peak in fluorescence also occurred during the ebbing westward tidal flow and the following eastward flood between HW À3.5 to HW +3.5 (Fig. 9b) ; although this result is only representative of the sampling period and may not be consistent across all tidal cycles at the site. The overall pattern in the CTD data, from all four waypoints, showed cooler water and less thermal structure throughout the Runnelstone Reef survey during the westward ebbing tide (between HW +3 and HW À1); suggesting that regional-scale variations in water properties are advected past the reef during different phases of the tide (note the full CTD dataset from the entire survey area is not presented).
Internal shear and boundary layer turbulence
The pronounced vertical shear in the currents and the accompanying stratification (Figs. 6 and 7) suggest that shear-instabilities may play a role in promoting the development of turbulence throughout the water column. In the absence of direct measurements of turbulence, we firstly consider ADCP echo intensity as an indication of suspended material within the water column or stratified turbulence (van Haren, 2009 ). Echo intensity |E| varied strongly throughout the 12 h of observation but also with position relative to the reef (Fig. 10) . During leg 4, which was the leg furthest to the east, |E| reached maximum values at each depth during groups 8 and 9 (Fig. 10) when the 110db contour (arbitrarily selected for indicative purposes) descended below the reef crest (Fig. 10) . At this time currents had reversed from eastward to westward (Fig. 7a) and we propose that this deepening of 110db contour during the westward flow (Fig. 10, G8 and 9) indicates an increase in turbulence through shear instabilities attributable to the release of a lee wave generated during the eastward flood tide (G5 and 6); this is discussed in Section 'Internal lee waves and hydraulic jumps' with specific reference to the observed deepening of isopycnals on either side of the reef.
Further evidence for the role played by shear in promoting turbulence is found in the ADCP echo intensity data collected along leg 4 shown in Fig. 10 . At t = 0.7955 (G8, HW +5.5), 5 cusps extended downwards from the near surface layer (highlighted by black box in Fig. 10, G8 ) as the upper layer was flowing to the northwest, corresponding to an upstream but on-slope direction. The cusps closely resemble the form of Kelvin Helmholtz billows observed in oceanic conditions (van Haren and Gostiaux, 2010) , and are strongly suggestive of shear-induced instabilities at moderate depths ($30 m).
To assess the likelihood that shear was elevated to the level required for shear instability in the region of highest sightings and the formation of the observed billows, we computed the Richardson number at adjacent WP5 (Fig. 11) . Lowest values of Ri were observed at the times of highest porpoise sighting rates; during groups 7 and 8 (indicated by bold lines in Fig. 11 ). During group 7 critical Ri (<0.25) occurred in the lower half of the water column (below $30 m) and the top half was only marginally stable (0.25 < Ri < 1). Conversely, the following group (G8) exhibited critical conditions indicative of shear instability and the generation of turbulence in the top half of the water column (above $30 m), and marginally stable conditions below (Fig. 11) , corresponding well with the depth where the billows were formed ($30 m depth, Fig. 10 G8) . Importantly, during the tidal periods associated with reduced rates of porpoise sightings (G2-G6), Ri was significantly higher at WP 5 (Fig. 11) ; indicating a greater degree of stability and the reduced likelihood of shear-driven turbulence being generated in the core sightings area during these periods.
In addition to the generation of turbulence by shear instabilities in a two-layered flow (as observed in the ADCP data), frictional effects near the bed can also promote shear and turbulence. Analysis of the physics suggests that, for the maximum observed velocity of O(1 m s
À1
) recorded at HW +5.5, the corresponding Bottom Boundary Layer (BBL) would extend to HAB $9 m (based on the calculation for height of BBL in a tidal flow proposed by (Lueck and Lu, 1997) ). This provides evidence that the mid-depth shear layer evident along legs 3 and 4 between HW +4 and HW +5 (G7 and 8 in Fig. 7 ) at $25 m HAB is not associated with frictional effects at the bed leading to an increase in the thickness of the BBL; but instead results from the baroclinic flow (Fig. 8, G7 and 8) and potentially the influence of topographic steering of flow
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Fluor (Volts) a b Fig. 9 . (a) Density (r h ) and (b) fluorescence obtained from CTD casts at Waypoint 5 between transect groups 2 and 8. Labels at top relate to modelled porpoise sightings and are consistent with those in Fig. 7a , as are the times relative to HW. Fluorescence is indicated as Volts and overlain with isopycnals. Changes in density were due almost entirely to temperature, which decreased at the surface from a maximum of 15C at HW +0.5 to a minimum of 13 at HW +5.5.
around the reef (see velocity vectors in Fig. 6 ) and the larger scale hydrographic structure.
Internal lee waves and hydraulic jumps Fig. 7 demonstrates that the primary flow direction at Runnelstone Reef was east/west, perpendicular to the subsurface ridge, suggesting that some of the water encountering the reef is forced over, rather than around, the reef. Lee waves can be formed under such circumstances, as the flow is forced over topographic irregularities (Geyer, 1993; Nash and Moum, 2001; Roughan et al., 2005) . Despite the three-dimensionality of the Runnelstone Reef bank, a continuously stratified flow will pass over a gently varying two-dimensional bottom as long as the height of the reef ($25 m) is less than U/N, where U is the free stream velocity and N is a representative buoyancy frequency (Hunt and Snyder, 1980) . Here U = 0.5 m s À1 and N = 0.01 s
À1
, such that U/N = 50 m. However, the validity of the 2-dimensional assumption fails at peak observed flow speeds of O(1 m s
). Under such circumstances the flow may be blocked by the reef and be forced to travel around it, inducing strong vorticity at the reef edge.
Flow directed over the reef is implicated in the mechanism driving the vertical excursion of the density surface contours (isopycnals) on either side of the reef throughout the tidal cycle. Isopycnals descended rapidly on both sides of the reef in response GROUP 1, HW -4.5 GROUP 3, HW -2.5 GROUP 5, HW +0.5 GROUP 7, HW +3.5 GROUP 8, HW +5.5 GROUP 9, HW -5.5 |E| (db) Fig. 10 . Echo intensity |E| (db) during leg 4, which started on the reef and progressed offshore. The U baroclinic = 0 contour is overlain on each panel. The black box in the profile for transect group 8 highlights the Kelvin Helmholtz instabilities that are strongly suggestive of shear-induced instabilities. Higher values of |E| indicate stronger turbulence and/or resuspended material. As the increase in |E| is clearly related to surface and interior processes rather than bed-processes, we consider that in this location |E| acts as a proxy for stratified turbulence. to currents directed down the respective side of the reef (Fig. 12) . At WP1, on the eastern side of the reef, a pronounced (>10 m) depression of isopycnals occurred during group 6 as the flow was briefly ($2 h) directed off the reef to the east (Fig. 12d) . At WP2 on the western side of the reef, isopycnals similarly descended >10 m over less than 2 h between groups 7 and 8 when the currents reversed from eastward (up-slope) during the preceding groups to westward (down-slope; Fig. 12c ). Thus isopycnals were depressed in the lee of the reef when defined by the orientation of the current but, following relaxation or reversal of that current, returned and even overshot by a considerable distance their initial depth. During the same period, baroclinic velocities in the upper and lower layers increased in magnitude on both sides of the reef but were orientated in opposite directions, indicating the generation of significant shear (Fig. 8) . Note that black horizontal lines in Fig. 12c and d indicate the velocity measured at the end of the cross-reef section; velocities over the bank itself were significantly greater by up to a factor of 2 (Fig. S6a) . Vertical profiles of Ri provide strong evidence for the criticality of the flow to shear instability and thus the generation of turbulence at the times when the lee waves were observed on both sides of the reef (Fig. 13) . CTD data were collected at both WP 1 and 2 throughout transect groups 5-8. These data show that Ri was typically <1, indicating marginal stability. However, during group 8 at WP 2 on the western side of the reef (Fig. 13a ) and during group 6 at WP 1 on the eastern side (Fig. 13b) ; Ri < 0.25 throughout the water column indicating widespread shear instability. These times of minimum Ri correspond exactly to the period during which isopycnals were rapidly depressed on either side of the reef (Fig. 12c  and d ) and represent the minimum values of Ri observed throughout the survey. At WP 2 at the western side of the reef, Ri decreased continuously from group 5 until group 8 (Fig. 13a) as the lee wave was formed (Fig. 12c) . Similarly at WP 1 to the east of the reef, Ri increased following group 6 (Fig. 13b) as the lee wave passed (Fig. 12d) .
Cross-reef currents, estimated as U, were maximal at WP1 during group 6 and directed to the east (velocity vectors in Fig. 12c Having potentially identified hydraulic jumps occurring at the site, we estimated the composite internal Froude number in order to assess the extent to which the flow at the reef was hydraulically controlled over the slopes to the east and west sides. Froude number was estimated as:
where F 2 i = u 2 i /g'h i are the internal Froude for each layer, i = 1 and 2, corresponding to the upper and lower layer respectively and g' = Dq/q is the reduced gravitational acceleration (Armi, 1986) . The interface between the two layers is defined by the position of the 1026.55 kg m À3 isopycnal. For G 2 > 1 the flow is supercritical and kinetic energy dominates the flow such that waves cannot propagate away, whereas for G 2 < 1, potential energy dominates and waves can propagate in any direction. For a given layer, supercritical flows (F > 1) tend to be fast and shallow, whereas subcritical flows (F < 1) are usually slower and deeper. When the flow changes between supercritical and subcritical regimes (e.g. when tidal currents change or flow interacts with local topography), a hydraulic jump can occur (Farmer and Armi, 1999) . This is characterised by a sudden change in the layer depth and associated changes from potential to kinetic energy, usually accompanied by shear instability (Lawrence, 1990) and turbulent mixing (Moum and Nash, 2000) . Flow became supercritical (hydraulically controlled) at WP 1 at precisely the time that the depression of isopycnals was observed (G6-7, Fig. 12b and d) . As the flow was previously subcritical (i.e. G 2 < 1) during transect groups 4 and 5, the transition to supercritical conditions is likely to have occurred in the form of a hydraulic jump as the current was briefly reversed to a downslope direction (see velocity vectors in Fig. 12d ). The upper layer appears to exert the dominant hydraulic control with the corresponding Froude number, F, always larger than the lower layer F; which reached supercritical values only during groups 3 and 8 at WP 1 (Fig. 12b , black line). The rationale for the upper layer control is clear when considering the current magnitude; velocities are intensified at the surface and decrease towards the bed (as indicated by velocity vectors in Fig. 6 and 12c and d) in much the same way as depicted in Cummins et al. (2006) . At WP 2 (on the western side of the reef) the lower layer F remains subcritical throughout the survey, but the upper layer flow becomes supercritical between groups 6 and Fig. 11 . Bold lines indicate profiles corresponding to times when isopycnals were observed to deepen rapidly on either side of the reef (group 8 at WP2, group 6 at WP1). These time periods also correspond to shear-induced instabilities detected in echo intensity, as highlighted by the black box in Fig. 8 .
7 (Fig. 12a) , approximately 1.5 h before the isopycnal depression occurs (Fig. 12c) . Note that at WP2 the isopycnals deepened at the same time as the current reversed to a downslope orientation (at $HW +2; see velocity vectors for G6-7 in Fig. 12c ). The flow around the reef thus appears to be hydraulically controlled and transitions from sub-to supercritical as it reverses to a downslope orientation on either side of the reef. The depression of isopycnals occurs at both WP 1 and 2 during tidal flows associated with low sightings (G5 & 6, Fig. 12c and d) . However the subsequent recovery of the isopycnals, associated with maximum baroclinic velocities (Fig. 8) , flow reversal and release of a lee wave, occurred during the tidal period with greatest porpoise sighting rates. This is particularly evident at WP1 on the eastern side of the reef, where greatest porpoise densities were recorded (Figs. 12b and d, 2) .
Summary of the fine scale spatial distribution of porpoise sightings in relation to hydrodynamic features
Our findings show that porpoise sightings were clustered (Fig. 2) , with greatest numbers observed in parts of study area with a south-westerly aspect, combined with moderate depth and steep topography (Fig. 3) . The sighting rates were highest during periods of westward tidal flow, peaking during the strongest westward flows between approximately 2 and 6 h after HW (Figs. 5 and 7 ). This period of the tidal cycle is represented during groups G7 and G8 of the oceanographic survey, and was characterised by cooler (denser) water moving through the survey area and a drop in fluorescence (Fig. 9) . Intriguingly, we recorded development of layered flows and water column instabilities within the area of highest porpoise sighting density (legs 3 and 4 of the ADCP transect, Fig. 1 ) during G7 and G8 of the oceanographic survey. The specific hydrodynamic features identified in the physical data include:
(1) Layered flow (e.g. between HW +3.5 and LW: see profiles G7
and G8 in Fig. 7a , and G8 in Fig. 7b ) likely to be created by tidal-topographic interactions at the steeply sloping reef edge (velocity vectors in Fig. 6 ) and driven by baroclinic currents (Fig. 8) . (2) The layered flows described above were associated with mid-depth shear boundaries, for example the line of lighter colouring at mid-depth along legs 3 and 4 in Fig 6. (3) Mid-depth shear induced instability is further evidenced during G7 and G8 by the 'billows' in the echo intensity along leg 4 of the ADCP transect (Fig. 10) , and low Richardson numbers recorded at WP5 (located at the southern end of leg 4, within the core porpoise sightings area; Fig. 11 ). These features suggest susceptibility to shear-induced turbulence during the periods of the tidal cycle characterised by strong westward flows, when highest sighting rates were recorded throughout the visual survey. (4) Peak sightings are closely related to the timing of hydraulically critical conditions on either side of the reef and the generation of lee waves. The waves are initially formed by the down-slope flow and then subsequently radiate away from the reef as the current reverses to an up-slope orientation. On the eastern side of the reef (at WP 1 in the core sightings area), the hydraulic jump occurs on the eastward flow, evidenced by the transition from sub-to super-critical flow during the down-slope current (Fig. 12b) . The hydraulically controlled flow is associated with a depression of the isopycnals (G5-6, Fig. 12d ) during the period of lowest sighting rates recorded on the eastward flood tide ($HW À1 to HW +1, Fig. 5 ). The isopycnals on the eastern side of the reef were subsequently released as the tide turned back westwards (i.e. up-slope; G7-8, Fig. 12b and d) . This timing corresponds to the tidal flows associated with the greatest porpoise sightings ($HW +2 to LW, Fig. 5 ). We propose the return of the isopycnals represents the release of the lee wave at the eastern side of the reef as the flow returned to an up-slope direction.
Discussion
This study is the first to examine fine-scale (up to $600 m) habitat associations of harbour porpoises with reference to quantitative high-resolution hydrodynamic data (1-m vertical resolution and 2-s ensemble interval) collected within an identified hotspot for the species. Harbour porpoise sightings recorded at the Runnelstone Reef during this study were not distributed uniformly across the survey area (Fig. 2) . Higher relative densities were associated with moderate depths and steeply sloping topography, in particular around the southeastern reef margins (Fig. 3) . The importance of this part of the survey area has also been identified in boatbased studies (Fig. S3) , and in passive acoustic data collected at three sites within the survey area using CPODs deployed during the 2010 survey season (Jones, 2012) . We have linked the finescale spatio-temporal variability in porpoise surface sightings to hydrodynamic features associated with predictable tidal timescales. These include tidal flow velocity (Figs. 7 and 8), shear (Fig. 6 ), shear-induced instabilities (Figs. 10, 11 and 13) and changes in water column properties (Figs. 9 and 12).
Our results provide insights into the fine-scale functional mechanisms driving the physical habitat associations that are often reported in broader extent and coarser scale studies on this species. Previous studies have identified links between porpoise sightings and areas of specific physical habitat, such as moderate depth (Northridge et al., 1995; Goodwin and Speedie, 2008; Marubini et al., 2009) , high slope (Pierpoint, 2008; Booth et al., 2013) and tidal variables (Johnston et al., 2005; Embling et al., 2010; Isojunno et al., 2012) . However, the physical variables identified in these studies are generally recognised as proxies for underlying drivers (e.g. Isojunno et al., 2012; Booth et al., 2013) and few studies have been able to provide quantitative data on the potential physical mechanisms at the root of these habitat associations (De Boer et al., 2014) .
We have demonstrated that the current regime at the Runnelstone Reef was sufficient to generate hydraulic jumps during across-reef flows. Specifically there was transition from subcritical to supercritical hydraulic flow at the eastern side of the reef, just prior to the time of maximum sightings which was associated with the subsequent development of a lee wave as the flow reversed upslope (westwards). Estimates of the Richardson number from WP1 (at the east side of the reef) confirm that the water column was highly susceptible to shear instability during the periods of upper layer supercritical flow, experienced at times of the tidal cycle associated with greatest numbers of sightings. Our results suggest that the high numbers of porpoises sighted during westward flows were exploiting periods during which lee waves were formed along the sloping margins of the Runnelstone Reef, and that these aspects of the flow field arose as a result of the influence of bathymetric features on the tidal currents (tidal-topographic interaction); leading to baroclinic flow, hydraulic jumps and lee waves.
Given the oscillatory nature of the flow and the wide range of current speeds and stratification experienced at the site, we consider that the flow field is most likely to generate all of the above hydrodynamic features, depending primarily on the strength of the currents. The regime appears to be similar to that depicted in Nash and Moum (2001, their Fig. 5 ), for which hydraulic jumps and lee waves form on the downstream side of the ridge and low Richardson number shear instabilities form over the ridge due to the highly sheared currents. Our observations, taken from a single tidal cycle in the middle of the spring-neap phase, suggest that lee waves are a common feature at the reef and lead to enhanced shear and associated turbulent mixing. Pronounced curvature in the flow field offshore of the reef further indicates an increase in vorticity and likely flow separation, which other studies have shown will produce a lee eddy on the downstream side of the headland. The definitive link between these well-defined processes and the porpoise activity requires further targeted research but the timing of the hydrodynamic processes and porpoise sightings appears not to be coincidental.
We only recorded the simultaneous velocity and CTD measurements required for the computation of Froude number (F) on either side of the Runnelstone Reef (at WP1 and 2 on the east and west sides respectively). Velocities over the shallower reef top are much higher (Fig. S6) and as a result we would expect significantly higher values of F in these areas, where turbulence generation is more pronounced (Fig. 6, leg 1) . Therefore, the values of F we present can be considered a lower limit.
We expect that the localised oceanographic features identified in our study area lead to improved foraging opportunities for prey fish, and subsequently porpoises, at specific areas within the Runnelstone Reef survey site at temporal scales of hours to days. Johnston and Read (2007) identified meso-scale bio-physical links between porpoises and hydrodynamics in the Bay of Fundy, where the evolution of tidally induced vertical shear boundaries around small eddies created by an island wake was associated with high concentrations of sound-scatterers (zooplankton and fish). They thus provide direct evidence for increased porpoise foraging opportunities associated with shear; however it should be noted that their study was over a larger spatial scale than our study; and different physical processes, such as secondary flows, may have influenced their findings (Johnston and Read, 2007) . The small scale of Runnelstone Reef compared to the Bay of Fundy, and the short (tidal) timescales of variability in the current field suggest that the influence of the topography may be more relevant to prey availability rather than prey abundance Thorne and Read, 2013) . Such a distinction may also explain why the highest sightings were made at a time during the oceanographic survey when chlorophyll reached minimum values (Fig. 9) , thereby suggesting that the factors other than the abundance of phytoplankton are important in driving porpoise foraging distribution at the site.
How higher predators key into prey aggregations is not well understood but is assumed to be associated with maximising foraging efficiency as described by Houghton et al. (2006) and Sims et al. (2008) . It has also been noted that the distribution of top predators at a fine-scale may be more influenced by the predictability or energy value of prey, rather than prey abundance per se (Grémillet et al., 2008; Benoit-Bird et al., 2013) , and that memory of profitable areas can also play an important role in deterministic selection of foraging habitat (Nabe-Nielsen et al., 2013; Regular et al., 2013) .
Recent studies by Scott et al. (2010 Scott et al. ( , 2013 and Embling et al. (2012 Embling et al. ( , 2013 have attempted to elucidate the biophysical links between current flow and marine species distribution at a smallscale in shelf seas. Their studies provide empirical evidence of links between tidal forcing, chlorophyll, fish and seabirds. Specifically, Embling et al. (2013) studied fish behaviour in response to hydrodynamics at Jones Bank in the Celtic Sea. They found that internal waves created during hydraulically controlled flows over the shallow sea bank (see also Palmer et al., 2013) acted to concentrate both zooplankton and zooplanktivorous fish close to the surface. Similar results were also reported in Embling et al. (2012) . Such biophysical links may also be acting within our study area, leading to prey fish aggregation and favourable foraging conditions for porpoises.
The spatial and temporal consistency of the flow features identified in the ADCP survey, as well as the causative biophysical links between them and the distribution of porpoises, require further investigation. A repeated ADCP survey over the transect route, carried out at a variety of periods within the spring-neap cycle, would provide more robust characterisation of tidal-topographically controlled hydrodynamics at the site. Collection of bio-acoustic data, using hydroacoustic tools such as the EK60 echosounder, along with collection of plankton samples during the ADCP transect would add valuable direct biological evidence of spatial and/or temporal concentration of prey at the survey site, which is missing from this analysis.
The links that we have identified between fine-scale porpoise distribution and ephemeral, but predictable, tidal-topographic flow features are likely to be overlooked in studies covering a larger area and with less intensive temporal survey coverage (Wiens, 1989; Isojunno et al., 2012) . However, the results must be taken in the context of the limited spatial and temporal coverage of the visual survey data. In addition, as with all visual survey data, the distribution of surface sightings of porpoises is assumed to be representative of habitat usage throughout the water column.
Conservation applications
UK waters are home to a significant number of Europe's harbour porpoises (Hammond et al., 1995 (Hammond et al., , 2002 Hammond, 2006) , but there is currently only a single SAC in UK waters where the species is identified as a 'qualifying feature' (N.I.E. A., 2010, 2011) . The guidelines for site selection of proposed porpoise SACs state that the area should contain key sites that are used regularly by high numbers of the species, and they ''must be clearly identifiable areas representing the physical and biological factors essential to the species' life and reproduction'' (Article 4 of the Council Directive 92/43/EEC). In order for these sites to be identified, the species' interactions with their physical and biological environment must be better understood. Our research, and other recent studies, indicate that there are complex interactions between static and dynamic environmental variables in the marine environment, and that sole reliance on static physical features for the identification of key habitats may not accurately capture the complexities of the biophysical interactions involved in habitat selection (e.g. Johnston et al., 2005; Scott et al., 2010 Scott et al., , 2013 Embling et al., 2012; Isojunno et al., 2012; Embling et al., 2013; Thorne and Read, 2013; De Boer et al., 2014) . In addition, information on the interaction of porpoises with fine-scale flow features is necessary in order to understand the possible effects of the installation of tidal turbines or wave energy arrays, which may have the potential to exclude porpoises from areas of key foraging habitat in tidally dynamic areas, or alter localised flows (Dolman and Simmonds, 2010; Simmonds and Brown, 2010; Shields et al., 2011) .
Conclusion
In line with our stated aims, the data presented in this study build upon the limited research into the underlying biophysical drivers of fine-scale porpoise distribution within a known hotspot. We provide new insights into specific hydrodynamic features, produced through tidal forcing, that may be important for creating foraging opportunities at a local scale. These spatially and temporally predictable dynamic habitats are likely to be especially important for porpoises due to their small size, high metabolism and requirement for regular feeding. Although aspects of the fine-scale biophysical interactions between harbour porpoises and their immediate environment remain unanswered, this study represents an increase in knowledge, and highlights the complexities of the relationship between the animals and their physical habitat.
Increasing our understanding of habitat associations and, perhaps more importantly, the mechanistic links between oceanographic variables and top predator distribution, is a key research area within the context of vulnerable marine species protection. Description of fine-scale species distributions can provide important information on key habitats, trends in variation of habitat use, and animal-environment interactions, which give insight into potential drivers of distribution. In addition, our research highlights the value of visual monitoring at key hotspot locations where regular boat-based transect surveys are excluded by conditions, other users of the sea, or prohibitive costs. It is hoped that the data presented here will help to direct future multidisciplinary research, focussed on the fine-scale biophysical drivers of marine vertebrate distribution within hotspot areas, in order to better understand why these particular sites prove especially attractive.
